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Abstract. Extended periods without precipitation observed@rample in Central Europe including Germany durihe
seasons from 2018 to 2020, can lead to water tefic yield and quality losses for grape and wiradpction. However,
irrigation infrastructure is largely non—existeRegional climate models project changes of preatipit amounts and patterns,
indicating an increase in frequency of occurrerfaemparable situations in the future. In ordeassess possible impacts of
15 climate change on the water budget of grapevinesater balance model was developed, which accdiantthe large
heterogeneity of vineyards with respect to theiingater storage capacity, evapotranspirationfasetion of slope and aspect,
and viticultural management practices. The moded feal with data from soil maps (soil type and plawilable water
capacity), a digital elevation model, the Europtknion (EU) vineyard-register, observed weather daié future weather
data provided by regional climate models and ahststic weather generator. This allowed conductingkeassessment of the
20 drought stress occurrence for the wine—producigiprss Rheingau and Hessische Bergstrale in Germartlje scale of
individual vineyard plots. The simulations showhdlttthe risk for drought stress varies substapttatween vineyard sites
but might increase for steep—slope regions in titeré. Possible adaptation measures depend highlycal conditions and
to make targeted use of the resource water, ansetmterplay of different wine-industry stakehafdeesearch, knowledge

transfer, and local authorities will be required.

25 1 Introduction

Global mean temperature has increased with thexgest observed changes per decade since the 19806,2020).
Warming during the growing season (Apr—Oct, Nontheéemisphere, Oct—Apr, Southern Hemisphere) hasen observed
in all studied wine regions on several continemsrdhe past 50-60 years (Schultz, 2000; Jonek, &0®5a; Webb et al.,
2007, 2011; Santos et al., 2012). Changes in teatyrer have a pronounced effect on the geograptiisgibution of where
30 grapevines can be grown (Kenny and Harrison, 198@es et al., 2005b; Schultz and Jones, 2010; Seht., 2012), since
this crop is highly responsive to environmentalditans (Sadras et al., 2012a). Within the exisfimgduction areas, water
shortage is probably the most dominant environntezgastraint (Williams and Matthews, 1990) and ewermoderate
temperate climates, grapevines often face somesdexfrdrought stress during the growing season Iéi¥let al., 1992; Van
Leeuwen and Seguin, 1994; Gaudillére et al., 2@¥8ber and Schultz, 2005; Gruber, 2012). Soil moéstiecreased across
35 Europe since the beginning of the"2fentury (Hanel et al., 2018) and in the most redenade, the severity of drought events
increased in southwestern Germany (Erfurt et &#202 This was in part a consequence of observeehtencreases in
potential evapotranspiration (Bormann, 2011; Hartmet al., 2013; Schultz, 2017) and the naturabbdity of precipitation.
Despite of some newly emerging wine regions atesmé latitudes to the north (Jones and Schultz, 20&6rmany’s

winegrowing regions are still at the northern fengf economically important grape cultivation ofr&pe. Historically,
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40 viticulture is practiced only in climatically favable regions, mostly located along river valleysstapes or lowlands in the
southwest of Germany. In many of these areas \titilis the main socio—economic factor, deterngriire cultural landscape
with steep slope regions additionally forming biaasity hotspots (Jager and Porten, 2018; Peterraaah, 2012). Mean
annual precipitation is generally low in these pte®pe regions (500-770 mm; 1971-2000; Ahr, Mitteih, Mosel, Nahe,
Rheingau; DWD (Deutscher Wetterdienst), 2020) avadlable water capacityh\WC) of soils is very heterogeneous, with the

45 percentage of vineyards with I08WWC being relatively high (example Rheingau regi@#/C < 125 mm for nearly 50 % of
steep slope areas; Lohnertz et al., 2004). In iaddithe evaporative demand can vary substantmtlyin a growing region,
because of different slopes and aspects of theyardeplots (Hofmann and Schultz, 2015). Therefoisk assessment of
climate driven changes in soil and plant water letidgeeds to be on a fine scale in order to idemtifgsible adaptation
measures within growing regions. These measuresspay changes in the selection of grapevine vasietnd rootstocks,

50 soil, cover crop or canopy management up to théementation of irrigation systems.

Predictions on a high spatial resolution are alehgk in climate impact studies and mainly limibscthe size of one grid box
of regional climate models (RCMs). Although clintationditions within a grid box may change from Igeguitable for

vineyards to areas unsuitable for the cultivatibgrapevines, climate change impact studies foogean viticulture where
often forced to be performed based on the spatsalution of the underlying gridded climate modatiad Santos et al. (2012)

55 analyzed observed shifts of bioclimatic indicesiiyatemperature related) by means of the E-OB&dgril data set and the
connection with large scale atmospheric forcingjéutions of bioclimatic indices based on RCMs waralyzed by Malheiro
et al. (2010) and Fraga et al. (2013), the latter @so included possible changes in interannuibitity. In terms of water
supply, both studies projected a strong decreasat@r availability for the Mediterranean basin their projections differed
for Central Europe ranging from a slight decred@ada et al., 2013) to an increase (Malheiro et28l10). More specific

60 regional aspects were analyzed by Santos et a3fZ0r the future of wine production in the Douralley (Portugal), and
Moriondo et al. (2010) for expected changes forgiemium wine quality area of Tuscany on a finetispaesolution (1 km
x 1 km, based on downscaling climate projectionstation data and spatial interpolation). Onlyw feudies used data from
soil maps includinddWC as input data (Fraga et al., 2013; Moriondo et28113), but on a spatial resolution still to cestis
represent the heterogeneity within growing regidtexently, fine scale variability within growinggiens were assessed and

65 modelled within the ADVICLIM project but focusinghty on temperature (Le Roux et al., 2017; Quénalle2014).
Irrespective of weather conditions, the water beganf grapevines also depends on vineyard geortretnydistance, canopy
height etc.), the training system (canopy shapé)ngnagement practices and particularly site-ifipdactors such a8WC,
slope and aspect (Hofmann and Schultz, 2015). Thaesers describe the interaction of vineyard siteroclimate with water
supply and atmospheric demand (Hoppmann et al7;28tlirman et al., 2017). EspeciaByVC, slope and aspect are very

70 heterogeneous in steep slope regions and thuseisupply of and demand for water. Increasing watarcity can put
economic pressure on established growing regioesause severe drought stress causes losses ofcgrality and yield.
Adaptation measures like the implementation ofation systems are expensive and access to wateary places is
restricted and difficult. Water withdrawal rightsagnalso need to be adapted if water is taken frooargdwater or surface
water bodies. Since precipitation patterns arelpigariable in space and time, it is problematicdoowers and stakeholders

75 to assess future developments and to make deci$wn®ng—term mitigation and adaptation measurgainst this
background, the identification of those vineyardtplor sites within growing regions likely expogedan increasing risk for
drought stress in the future can support the datisiaking process.

Therefore, the main objective of the study wasuanify the likelihood of risk for future water det on the spatial scale of
individual vineyard plots within two German grapewging regions, Rheingau and Hessische Bergstralie.scientific

80 process included (i) statistical downscaling ofearsemble of climate models to the scale of statiata, (i) combining

information from land registers, high—resolutioril seaps and digital elevation models for the chtedeation of vineyard
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landscapes and their microclimate, (iii) performwigeyard water balance simulations driven by obsgrand simulated

weather data for all vineyard plots.

2 Material and Methods
85 2.1 Study area, soil and climate conditions

The risk analysis was conducted for two out oftthigeen German winegrowing regions, the Rheingad the Hessische
Bergstral3e, both located in the federal state akEl€Fig. 1). In the Rheingau, grapevines arevatétd on an area of 3191
ha (Destatis, 2018). The Rheingau is physiografijidavided into the regions of upper and lower Rigau (L6hnertz et al.,
2004). The upper Rheingau includes an area of apgtkm length and 3—-6 km width between WiesbatehRudesheim,
90 bounded by the Rhine river to the south and thgeridf the Taunus mountain range in the north, aedvineyards near
Hochheim on the Main river. Grapevines are culédabetween approx. 80-280 m altitude on a genltiipgohillscape. For
most of the region, the soils developed from lagssandy loess as parent material. They are femitehave a balanced water
budget. Soil erosion, intensified by agricultureothousands of years, filled dells and in conjiamctvith soil formation by
a variety of basement rocks (sand, clay, marl, dtmee), led to the further differentiation of spikhere the loess layers were
95 thin. The soils of the lower Rheingau in the wddRtdesheim are very different. The direction & Bhine changes towards
north here into the Upper Middle Rhine Valley witthsteep slopes. The parent material of the eaihétion consists mainly
of shallow glacial solifluction layers containindat of basement rock (sandstone, quartzite, slate}se soils are nutrient—
poor, stony and shallow and generally have aAWC (Lohnertz et al., 2004; Bohm et al., 2007). Theosel winegrowing
region of Hesse, the Hessische BergstralRe, habieated area of 462 ha (Destatis, 2018). The \amdy are located at the
100 western slopes of the Odenwald mountain rangeaatite eastern edge of the Upper Rhine Plain. 8eilgloped from loess
are also dominating here. About 60 % of the sasteep and rich with adWC exceeding 200 mm, while about 20 % of the
soils have arAWC below 125 mm, predominant at sites where the mgadiepth is limited to 60—100 cm (L6hnertz et al.,
2004).
The longest running weather station at Geisenhsinté¢ 1884 in close proximity to the University asetviced by the
105 Deutscher Wetterdienst, DWD, German MeteorologBsivice) had an average growing season temper@@8T; Apr—
Oct) for the reference period 1961-1990 of 14.5aM@ 548 mm annual precipitation. Spatial variatiériemperature or
precipitation within the region is relatively smaffor a more recent period (2014-2018) and an asfayeather stations
(station specific temperature data for earlieramgler periods were only available for a limited mwem), AGST data ranged
from 15.9 °C (station Frauenstein, elevation 151ar6.9 °C (stations Ehrenfels, 101 m, and Erb86hm) as compared to
110 16.3 °C for Geisenheim in the Rheingau and was 4G &t the station Heppenheim (119 m) in the HebsiBergstralie (see
stations in Fig. 1). Annual precipitation (baseddatia available from 1959-1988 for various stajioasied from 545 mm
(Geisenheim) to 636 mm in the Rheingau and from m&® to 824 mm in the Hessische Bergstralle andrisshlevenly

distributed over the year. Further details aboatipitation characteristics are shown in Table 1.

2.2 Observed and synthetic weather series

115 In order to run the water balance model, transdeily data for temperature, solar radiation, re@tiumidity, wind speed and
precipitation are required. Air temperature is usechodel the development of grapevines and cawgrscover annual cycles,
and, together with solar radiation, wind speed ratative humidity, to calculate reference evapatparation ETo) according

to Allen et al. (2005). We worked with four timerigs, two observed and two synthetic series.



https://doi.org/10.5194/esd-2021-9 Earth System

Preprint. Discussion started: 31 March 2021
(© Author(s) 2021. CC BY 4.0 License.

120

125

130

135

140

145

150

155

Dynamics

Discussions

2.2.1 Observed weather data

The first observed series included daily weathéa flam 1959-1988 (the recording ended in 198®uesof the stations) of
10 weather stations distributed across the redigigs 1, Table 1) and were provided by the DWD @02l stations recorded
precipitation and the station Bensheim additiontiyperature and relative humidity (also used lierdther stations at the
Hessische Bergstral3e). The station Geisenheimgedwata for all five weather variables. More ely, sunshine hours
(SH) were measured here over the complete perimdding a proxy for solar radiation (SR). A paralieeasurement period
of SR and SH at Geisenheim between 1981 and 199Q@sex to establish correlation coefficients betwtbese parameters
(Hofmann et al., 2014) based on the Angstroem—Btiesquation and SR was calculated accordinglysiMgsdata or weather
variables at other stations (wind speed and SReastations in the Hessische Bergstrale, all weatiméables beside of
precipitation at the stations in the Rheingau) veeteequal to the data measured at Geisenheime Hlaés were used as model
inputs for an assessment of the drought stressmecme in the past as well as to calibrate the wegajenerator (see details
below).

The second series included daily data from 20148201d came from newly established weather staiiBizs 1) by the

University. These data were used for an assesswhebserved drought stress in the recent past.

2.2.2 Synthetic data produced by a weather generato

Input weather series representing the baselinefatode climate conditions were produced by the petaic stochastic
weather generator (WG) M&R(i, which is an improviellow—up version of Met&Roll generator (Dubrovsky al., 2000;
Dubrovsky et al., 2004). Met&Roll was based on\Wiéks's (1992) version (adopted for use in futulienate conditions) of
the classical parametric generator developed bydRitson (1981). M&Rfi is a single—site multi-vaeiadaily weather
generator, in which the precipitation time seriesodelled by a first—order Markov chain (occureent wet/dry days) and
Gamma distribution (precipitation amount on wet gjayl'he non—precipitation variables are simulatgdabfirst—order
autoregressive model whose parameters depend darywstatus of a given day. The M&Rfi generator hesn used in many
climate change impact experiments (e.g. Rottet. e2@11; Hlavinka et al., 2015; Garofalo et aD18). This generator also
participated in a complex validation experimenthaf so—called VALUE project aiming at comparisowvafious downscaling
approaches (Maraun et al., 2019; Gutiérrez eRall9). Two types of synthetic time series were poed by M&Rfi. The
first time series representing the present (basetlimate was used to validate the generator bypesing selected weather
statistics derived from synthetic vs observed werasieries, and the second one representing theefalimate was used to
assess changes of the drought stress occurrenéetdoe climate change scenarios. In producingfitisé time series, WG
parameters representing the statistical structiiteeoveather variability between 1959-1988 wenévee from the observed
station data (baseline climate), and then a 112-ggathetic series (1989-2100) representing thelies climate (i.e.
assuming no climate change) was produced by theMiathe climate change scenarios (second sewiesyodified the WG
parameters based on climate change scenarios ddriwe 10 future climate simulations made withire thhame of the
ENSEMBLES project (van der Linden and Mitchell, 200 able 2). Here, RCMs were used, which were drivg various
Global Climate Models (GCMs) (Table 2) and runtfee A1B emission scenario and approx. 25 km gidlrgion. For each
station and climate simulation, the data of the R@HM boxes enclosing the weather stations werd teselerive changes in
WG parameters representing the RCM—-based climaegehscenario for 2058-2087. In order to constiractsient time
series consisting of observed data from 1961-18884ed by synthetic weather data until 2100 (agegra smooth increase
in climate change signal), the WG parameters reptesy a given yeaY were defined by modifying the WG parameters of
the baseline climate with a climate change scenariich was obtained by scaling the RCM-based stemath a factor
k(Y), defined as
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k(Y) = T (Y;RCP8.5)—T(1973;RCP8.5) @

T¢(2073;A1B)-T(1975;A1B) '

160 whereTg is the annual global mean temperature simulateslAGICC(v.6) (Meinshausen et al., 2011)(1973; RCP8.5),
Te(2073; A1B) andls(1975; A1B) refer to the centre years of the obsgrvaseline (1959-1988), the RCM—future (2058—
2087) and RCM-baseline (1961-1990) time slicemeawively, used to derive the WG parameters. MAGIE@ reduced—
complexity climate model, which can simulate eviolmtof the annual global mean temperature for @eh@mission scenario
and climate sensitivity. As we chose the high baseimission scenario RCP8.5 (van Vuuren et al12frT¢(Y) to calculate

165 the factok(Y) in Eq. (1), the synthetic series representinghére climate were produced for RCP8.5.
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Figure 1: Map showing the winegrowing regions Rheigau and Hessische Bergstrale and the locations oéather stations (Source
of the base map (modified): Esri, 2012).

Table 1: Description and parameters for precipitation (P) of the weather stations used to calibrate the wéger generator with data
170 from 1959-1988 and to analyse the drought stressaerence of the past. Weather data were extracteddm the database of the
DWD (2018) and are available online at https://opetfata.dwd.de.

Station Stati  Region Ele- Latitude Longitude  Annual Rainy days P—intensity ~ Min. Max. Max.
on- va- meanP  (days yeat) (mm rainy monthlyP  monthlyP  daily
ID tion 1959 day?) (month; (month; P
(m) 1988 mm) mm) 1959-
(mm) 1988
(mm)
Bensheim 355 Hess. Bergstr. 117  49.6961 8.6267 824 172 4.8 Feb; 49 Jun; 90 91
Heppenheim 2138 Hess. Bergstr. 101 49.6500 8.6333 06 8 170 4.8 Feb; 50 Jun; 88 70
Seeheim 4646  Hess. Bergstr. 132 49.7500 8.6333 770 149 5.2 Feb; 42 Jul; 86 65
GroR-Umstadt 1815  Hess. Bergstr. 168  49.8667 8.9333 750 157 4.8 Feb; 44 Jun; 82 95
Lorch 3062 Rheingau 90  50.0508 7.8064 604 164 3.7 Feb, 36 May; 65 76
Geisenheim 1580 Rheingau 118  49.9864 7.9542 545 168 3.2 Feb; 33 Jul; 58 55
Johannisberg 1581  Rheingau 177  50.0033 7.9836 602 59 1 3.9 Feb, 36 Jul; 64 61
Steinberg 1213  Rheingau 197  50.0333 8.0500 636 169 3.8 Feb, 39 Jul; 64 53
Eltville 1212 Rheingau 96  50.0286 8.1358 606 163 3.7 Feb, 35 Jul; 65 67
Hochheim 2242  Rheingau 115 50.0083 8.3738 586 171 4 3 Feb, 34 Aug; 63 77
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Table 2: Ensemble of climate models (van der Linden @Mitchell, 2009).

Institute Climate—Simulation

(RCM-GCM)
cal RCA3-HadCM3Q16
DMI HIRHAM5-ARPEGE
DMI HIRHAM5-ECHAMS5
DMI HIRHAM5-BCM

ETHZ CLM-HadCM3QO0
KMNI RACMO2-ECHAMS
MPI-M REMO-ECHAM5
SMHI RCA-BCM

SMHI RCA-ECHAM5
SMHI RCA-HadCM3Q3

2.3 The water balance model

175 We used the vineyard water balance model of Hofnetred. (2014) which was developed and validatetth Wie general
growing and cultivation conditions of the studyapresented here. This model accounts for diffeseitcultivation (bare
soil, use of cover crops, or alternating use ohpaind the impact of slope and aspect of the areplots on received global
radiation ancETo. It includes a radiation partitioning model to amteET, between grapevines and the soil based on Lebon
et al. (2003) and accounts for different vineyasdmetries. The development of the foliage of ttepgvines and the cover

180 crops is modelled based on temperature summatiaksgnit possible to run the model for multi-yeppbcations. As heavy
precipitation events are rare in the area of stthky,original model did not account for surfaceaffinTo include possible
changes of precipitation intensity in the fututes widely used curve number (CN) method (Cronshey.£1986; Woodward
et al., 2003) was added to the original model. Tinecedure was developed for small watershedsdakito account that
rainfall data are often only available in form dfilgf values and was tested in a vineyard soil wdygramics study (Gaudin

185 etal., 2010). The curve numbers are availableiimfof tabled values and depend on the soil tygétration capacity of the
soil and on the type of land use. We used CN =o8®ére soil and CN = 58 for plant covered soile(Ghey et al., 1986).
Adjustments of the CN values depending on the adimat moisture conditions before the wetting evesre conducted as
described in Maniak (2010). The impact of degresl@be on runoff was neglected, because severabeuteported no clear
findings (Emde, 1992, based on experiments on wartsyin the Rheingau area) or a small increaserioff (Huang et al.,

190 2006; Ebrahimian et al., 2012) within the rangéhef measurement accuracy of precipitation.

Since the individual geometry of each vineyard pldathin the two regions was unknown, the calculagiof radiation
interception were performed for a uniform geometpresenting a standard vertical shoot positiosygtem in Germany
(Hoppmann et al., 2017). We used 2 m row distaadeljage width of 0.4 m, a maximum row height cf@m and minimum
height of the lower end of the canopy of 0.8 m abthe soil surface as base data. This is typieahfcurrent and mid-term

195 future situation, because more than 80 % of the plewted vineyards from 2002—-2013 (> 30 % of ttgta®) have a row
distance of 180-200 cm (data from the EU vineyedgister; RPDA, 2012).

For the simulations it was assumed that soil cafidbn and cover crops in alternating rows are regmtative for the Rheingau
and complete green cover (beside of a strip ofnd.dnderneath the vines) for the Hessische Bergstrafiis is currently

typical for both regions.
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200 2.4 Soil data and spatial resolution

The study was based on the high spatial resolationdividual plots. The underlying data were paed in digital form as
spatial polygons from the local authority in chaafehe official EU vineyard register (RPDA, 201Zhis resolution can be
considered as high, with a total plot number ohf#d vineyards of 24858, with a mean area of Od pér plot. Plots up to
0.5 ha take up 79 % of total planted area with aimam plot size of 4.2 ha. Each plot was linkedhnat digital elevation
205 model at 1 m resolution to calculate the mean sk aspect of the plots. The water balance maogldsivalues for the
available water capacity up to 2 m dep\C:n) as the reservoir for grapevines, and 1 m deditC.) as the reservoir for
cover crops, and a value for the total evaporalblemTEW) of the soil surface layer, in order to calculaéee soil evaporation
according to Allen (2011). THEEW is defined as the difference between the wateternrat field capacity and half of the
water content at the permanent wilting point far tipper soil layer of 10-15 cm. TABV/C,m, AWCim were directly and the
210 TEWindirectly obtained from a soil database of thicifl state map series BFD5W (HLNUG, 2008). Toctdéhte theTEW,
the BFD5W provides data on water, gravel and ctaytent for the plough horizon. We then used thehomd described in
Vorderbriigge et al. (2006) to estimate the watetertt at field capacity and the wilting point. THEW was determined for

the upper 10 cm soil layer in this study.

2.5 Assessment of drought stress

215 As an indicator to assess drought stress, we edémlithe yearly sum of drought stress days duhiegrégetation period (1
May—-30 September). A day was classified as drosghss day, if the remaining soil water content srasller than 15 %
AWC,n. This approach is based on the assumption, tea&WC,, of the soil maps corresponds to the total traager soil
water TTSW) used in earlier water balance studies (Lebon.€2@03; Hofmann et al., 2014). The chosen thrieshalue of
AWC;r, corresponds to the common plant physiologicalsiméd value for severe stress of -0.6 MPa vine aredeaf water

220 potential (/pd) as described in Hofmann et al. (2014).

3 Results

3.1 Validation of the weather generator

Downscaling data of climate models to station dstaot trivial and all of the possible methods haves and cons, which
have to be considered in order to interpret tha datl results (Maraun et al., 2010). Thereforetested the capability of the
225 WG to reproduce the weather variables precipitatimtar radiation and the deriv&d, over the annual cycle for the past
(1959-1988). We additionally compared the interahrariability, in order to interpret the capaditdymimic the frequencies
of simulated extreme dry or wet years. Figure 2x&him the top row that annual cycles were well ogjpiced by the WG as
compared to observed data (station Geisenheim aganple) and that no substantial bias of mearesatm monthly sums
between observed and synthetic values were appdieaitboxplots in the bottom row of Fig. 2 showtba other side that
230 interannual variability is underestimated by the W®is is especially the case for the simuldi@eland solar radiation in the
range of the upper quartile of observed data, whighonly partly (solar radiation) or not reprodii¢eTo) by the WG.
Nevertheless, we assumed that this approach iabgeifor long—term trends of climate simulationst that frequencies
especially for dry years will likely be underestiea by the WG. Data for other stations showed simigsults. Additionally,
observed differences of the weather variables bertvilee weather stations for the past were quitsistamtly projected into
235 the future by the WG, suggesting that climate satiohs were feasible (data not shown).



https://doi.org/10.5194/esd-2021-9 Earth System

Preprint. Discussion started: 31 March 2021 Dynamlcs
(© Author(s) 2021. CC BY 4.0 License. . .
Discussions

° Precipitation - Reference evapotranspiration Solar radiation

= == T2
—~ o £ o E N
=Ry 527 =
€ € 3 o
£ 81 E3] 82
£ = 8
E o S o ®
7 = © 7 £84
2 .g -
291 :
E o | g o n E o
a a z

—— observed g —— observed S —— observed
o synthetic w o synthetic = o synthetic
T T T T T T T T T T T T T T T T T T
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
Month Month Month
Precipitation Reference evapotranspiration Solar radiation

240

245

250

—_— o —_—

700
1
750
1
130
1

Annual precipitation (mm year“)
500
1
Annual evapotranspiration (mm year“)
650
1

125
1

600
1
700
1

115
1

Annual mean irradiance (W m‘z)
110 120
1 1

400
1

1 —_—
—_——
T T
observed synthetic observed synthetic observed synthetic

600
1

Figure 2: Comparison of 30 years of observed weathdata (1959-1988, station Geisenheim, Rheingau, Beany) used to calibrate
a weather generator (WG) and 30 years of synthetiweather simulated with the calibrated WG. Top row: Average annual patterns
of precipitation, reference evapotranspiration andsolar radiation in monthly resolution. Bottom row: Box plots of annual values
(same 30-year periods as in the top row). The centrbox shows the interquartile range, the bold linehe median; the whiskers
extend to the extremes.

3.2 Water balance trends and drought stress occurree based on observed weather data
3.2.1 Water balance

Figure 3 illustrates the trend and interannualakility of the water availability expressed as @im water balance and
calculated with data of the weather station GeisenhThe climatic water balance represents thewiffce between the sum
of precipitations and the sum of reference evapspaation over a hydrological year (1 Nov-31 Ogfe presentation of
Fig. 3 does not directly allow conclusions on tRteat of drought stress of a certain year, whicthittaahally depends on site
factors and the plant response to limit water Msvertheless, the climatic water balance has deedeby about 90 mm, if
the two 30-year periods from 1959-1988 and 19898-20& compared. Additionally, the frequency of geaith a climatic
water balance lower than -200 mm has more thanlddwyer this period, from 8 to 18 years out of 30.
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Figure 3: Climatic water balance, expressed as thdifference between the sum of precipitations and # sum of reference
evapotranspiration for a hydrological year (1 Nov—3 Oct) for the station Geisenheim (Rheingau), Gernrgy. The solid line shows
11-year running mean values. The decreasing trend significant (p < 0.05, Mann—Kendall trend test; alculated with the R—package
Kendall; McLeod, 2011).

3.2.2 Drought stress simulations

Period 1959-1988Water balance calculations for both growing regiaits the data of the observation period from 1959—
1988, showed that the five driest years were 12964, 1973, 1974 and 1976. In 1959 and 1976, thisnelated to hot and
dry summers with many sunshine hours and high eatipe demand and in 1964, 1973 and 1974, becdusereme dry
winters despite only average summers. On averagaght stress days were calculated in the ran@e-4f days per year and
individual plot for the Rheingau and in the rande)e23 days for the Hessische Bergstralle. The gpwaiea affected by
drought stress (the area with more than 10 cakedldtought stress days per year on average) aetbtéot 6 % of the
Rheingau (181 ha) and for only 1.2 % (5 ha) oftlessische Bergstralle.

Period 2014-2018Figure 4 shows the strong interannual variabilitthe soil water content dynamics for a typicaleyard
(AWCzm = 110 mm, south oriented, 27.5° slope) in thepstdepes of the lower Rheingau area in the weRtimfesheim (Fig.
1). In 2014 and 2017 moderate drought stress cadafter mid—June (after flowering) until the bewiyg (2014), respectively
the end of July (2017), followed by moderate (20tbAyet conditions during the ripening period. Hear 2018 started with

a well-refilled soil profile after winter and wasitg wet until mid—June, after which an extreme ang hot period followed,
leading to a fast reduction in soil water conterd aevere drought stress.

The map in Fig. 5 shows the simulated spatialifistion of the sum of drought stress days for tiére Rheingau region for
the year 2018 based on data of the weather staétwork (Fig. 1). The year 2018 had the highest s@iannualET, (876
mm) since 1951 (first year where all weather vdeislto calculateET, were recorded at the station Geisenheim). The
simulations agreed with observations in the lowkeiRgau (near 7.9°E and 49.98°N, Fig. 4, and betvé@eto 92 daysypd)

< -0.6 MPa), where for many vineyards strong reidastin quantity and restricted sugar accumulatvere observed. In that

particular vintage, the growing area with more th@rcalculated drought stress days was 13 % (4D0 ha
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Figure 4: Seasonal patterns of the fraction of avible water capacity AWCzm) for a typical steep slope vineyard in the west dhe

Rheingau area (near station Ehrenfels, see map ind= 1). Simulations were conducted with a water bahce model for the years
2014, 2017 and 2018. Parameters for the model inputere: AWCzm = 110 mm, south oriented, 27.5° slope, 2 m row thsice, one
row bare soil, one row cover crop.
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Figure 5: Number of simulated drought stress days gr vineyard plot for the winegrowing region Rheingai, Germany, during the
2018 vegetation period (1 May—30 Sep). Calculationgsere conducted with a water balance model based atata from weather
stations and a digital soil map on the assumptionf@lternating soil cultivation (one row bare soil,one row cover crop).

3.3 Water balance trends and drought stress occurree based on climate simulations
3.3.1 Projected annual trends of precipitation andhe climatic water balance to 2100

Annual precipitation projected by the ensemblelohate simulations for the station Geisenheim shbaeéhigh bandwidth
(Fig. 6a). The change signal (difference of mednesbetween the time—period 2071-2100 and thegbefiobserved values
1961-1988) ranged from a decrease of -141 and +B3tanan increase of +73 and +170 mm for the twotreareme
simulations. For seven simulations, the projectedds were significant after the year 2073 (Manmd&d trend test, p <
0.05, Fig. 6b). The bandwidth of change signaltfa climatic water balance per hydrological yeaN@dv-31 Oct) was
stronger and ranged from -257 mm and -182 mm tom@i7and +169 mm (Fig. 7a). The statistical sigaifice of the trends
was comparable to the trends of precipitation (Fly). This additional increase of the bandwidthulssfrom the ensemble
change signals of annu&l, from +3 mm to +207 mm (data not shown). It shdadchoted that simulation results with CLM—
HadCM3QO0 showed, contrasting to all other modekstrang increase in global radiation of 10 % uBtiDO, resulting in a
strong increase dETo and thus a strong reduction in climatic water bedauntil the end of the century (Fig. 7a). All@th
simulations projected a decrease of global radiatipto -15 % until 2100 (data not shown).
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3.3.2 Projected seasonal trends (spring, summer, @aunn, winter) of precipitation and the climatic water balance to
2100

310 Seasonal trends of the model ensemble are showigir8. In part, the results of precipitation charsignals (2071-2100
compared to 1961-1988, Table 3) reflected possiltlee seasonal shifts. The bandwidth of changeadgof the transition
seasons spring (March, April, May (MAM); -17 to +B8n, Fig. 8a) and autumn (September, October, NbeefSON); -28
to +42 mm, Fig. 8c) is quite high, whereby in bstasons some models projected no changes of paticipiin the future up
to 2100. In winter (December, January, FebruaryFjPFig. 8c) all models except one (-14 mm) pragdca precipitation

315 increase (+23 to +41 mm). In summer (June, Julgusti(JJA), Fig. 8b), the ensemble splits up ie¢tgroups at the end of
the century, one model projects an increase ofiitation (+39 mm), six models are in the rangeafmall decrease to no
change (-22 to +1 mm) and three models projectaipitation decrease (-60 to -81 mm). In genehndd, indicates an increase
of precipitation in winter possibly connected witlilecrease of precipitation in a future summer.
Taking into account reference evapotranspiratiorcégulating the seasonal climatic water balanke, icture changed

320 towards dryer conditions (Fig. 9, Table 3). In wemtthe plus of precipitation is slightly reducatedo higheET, (-21 to +34
mm, Fig. 9d). This is relevant in water balancegktions, because (actual) evapotranspiratiomimally not reduced by
dry soils due to the better water availability digrthese months. This also applies in parts fangg{r42 to +62 mm, Fig. 9a)
and autumn (-51 to +32 mm, Fig. 9c). A clear chasigeal could be identified for summer, only oned®loprojected an
increase (+48 mm) all others a decrease in thesrahgfl91 to -17 mm (Fig. 9b) due to a significeh&nge signal foETo in

325 the range of -9 to +130 mm (Table 3). Climate satiohs for other weather stations showed similaults.
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Figure 8: Seasonal precipitation simulated with 1@limate models for the station Geisenheim (RheingauGermany. Grey lines show
the range of annual values of all models, colourdihes 11-year running means for individual model rms. The period from 1961—
1988 represents observed data and the dashed base§ illustrate their mean values. (a) MAM, springMarch, April, May; (b) JJA,
330 summer, June, July, August; (c) SON, autumn, Septeler, October, November; (d) DJF, winter, Decemberjanuary, February.
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Figure 9: Seasonal climatic water balance simulatedith 10 climate models for the station GeisenheirfRheingau), Germany. Grey
lines show the range of annual values of all modelsoloured lines 11-year running means for individal model runs. The period
from 1961-1988 represents observed data and the sl baselines illustrate their mean values. (a) MAMspring, March, April,
May; (b) JJA, summer, June, July, August; (c) SONautumn, September, October, November; (d) DJF, wirdr, December, January,
February.

Table 3: Bandwidth of change signals of 10 climateimulations with different models for the station Gesenheim (Rheingau),
Germany. For precipitation (P), reference evapotranspiration ETo) and climatic water balance CWB, P-ETo) for spring (March,
April, May, MAM), summer (June, July, August, JJA), autumn (September, October, November, SON) and wier (December,
January, February, DJF), change signals were calcated by the difference of the individual model meas between the time—period
2071-2100 and the observation period 1961-1988.

Season Ensemble change signal (2071-2100 minus $98B8)

P (mm) ETo (mm) CWB (mm)
Spring (MAM) -17 to +58 -23 to +32 -42 to +62
Summer (JJA) -81 to +39 -9 to +130 -191 to +48
Autumn (SON) -28 to +42 +6 to +36 -51to +32
Winter (DJF) -14 to +41 +6 to +18 -21to +34
Year -141 to +170 +3 to +207 -260 to +166

3.3.3 Projected drought stress risk for the winegneing regions Rheingau and Hessische BergstralRe

As most of the climate simulations showed significannual precipitation trends in the second hathe century (Fig. 6b)

and indicated changes in climatic water balance;aleulated the average number of drought stregsfda the time—periods

1989-2018 and 2041-2070 for each vineyard plotintte model. Based on this calculation, two iedievere derived. The
first one is describing the overall grape—growingace area affected by drought stress, defingdeasum of the area of all
individual vineyard plots with on average per tirperiod ten or more days of drought stress durirg/égetation period. The
second one is the drought stress change signaiylaad as the difference of the average numbdrafght stress days per
vineyard plot and climate simulation between batret-periods. The calculation of the grape—growindese area showed
that three models for both regions projected atanlkial increase of the potential drought stress apossibly affecting 10 to

30 % (Rheingau), respectively 16—-20 % (Hessischigdeie), of the growing—area with drought stfesshe future period

13
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2041-2070. For both regions, the median of theatitnmodel ensemble of the drought stress areaasedeslightly by 2 %
and reflected projected changes in the range ahamge to a small increase of the ensemble, whitenoodel projected a
decrease of 2 % for the period 2041-2070 comparé889-2018 (Fig. 10).
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Figure 10: Potential drought stress area of two wiegrowing regions (Rheingau and Hessische Bergstrglie Germany for two time—
periods (1989-2018 and 2041-2070), calculated wahwater balance model, soil maps and 10 climate sifations with different
models. A vineyard plot was allocated to the drougdtstress affected area, if on average 10 or more ylawith drought stress during
the vegetation period (1 May—30 Sep) were calculatelndividual model results are shown as points ithe boxplots.

The calculation of the drought stress change sigpet vineyard plot allowed the creation of mapsllastrate spatially the
impact of the projected climate trends. The mapshie “dry” and for the “wet” simulation at the estnes and the simulation
close to the median of the ensemble (Fig. 10) lavevs in Fig. 11 (Rheingau) and Fig. 12 (HessiscegBtralie). In case of
the dry simulation (Fig. 11a), the vineyards whanaught stress already occurred in the past (ihover Rheingau, and near
Johannisberg 50.0 °N, 7.97 °E, see Fig. 1; andiMaltal 50.05 °N, 8.12 °E, not indicated on Figwbuld be affected in
parts (lower Rheingau) by a strong increase of glbstress. But drought stress could also increasglots where it is at
present unknown, around the two weather stations thie lowest annual rainfall, Geisenheim and Heaimh(Table 1),
although many of those plots have a g@&IC (> 175 mm; Loéhnertz et al., 2004). The moderateutation close to the
median of the ensemble (Fig. 10) projected a drbstyhss increase up to 20 days in the Rheingaadniined to vineyard
plots already affected by drought stress in 1989826ig. 11b). In case of the “wet” simulation adecate (but not complete)
decrease of drought stress is projected, but anjylats where it occurred in the past (Fig. 11d)th® Hessische Bergstralle,
the dry simulation would affect vineyards distriéditover the whole region, but with a weaker chasigeal compared to the
Rheingau (Fig. 12a). In case of the simulationelmsthe median, only a few plots were affected lyought stress increase
of up to 11 days (Fig. 12b). Changes for the waugition were negligible (Fig. 12c).
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375 Figure 11: Projected change of the occurrence of dught stress days for the growing region Rheingatwgalculated with a water
balance model on the assumption of alternating saiultivation (one row bare soil, one row cover crop The maps show the difference
between the number of the mean drought stress daper vegetation period (1 May—30 Sep) and individugplot for the periods 2041~
2070 minus 1989-2018. (a) Results of the climatensilation calculating the strongest increase, (b) # simulation close to the
ensemble median, and (c) the simulation projectinthe strongest decrease of the drought stress arehan ensemble of 10 climate

380 models.
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Figure 12: Projected change of the occurrence of dught stress days for the growing region Hessischgergstralle, Germany,
calculated with a water balance model on the assurtipn of cover crop use in every row. The maps shovh¢ difference between the
number of the mean drought stress days per vegetati period (1 May—30 Sep) and individual plot for tte periods 2041-2070 minus

385 1989-2018. (a) Results of the climate simulationIcalating the strongest increase, (b) the simulatioclose to the ensemble median,
and (c) the simulation projecting the strongest deease of the drought stress area of an ensembleld climate models.

4 Discussion
4.1 Global and regionals aspects of the uncertaingyf the projections

Climate projections and impact analyses are suljexhumber of uncertainties. In the understandfrglimate change, these
390 uncertainties are in general related to the unicefiéure external forcing by greenhouse gas emssithe impact of external
forcing factors on climate and the degree of natuaaiability of the climate system (Kjellstrom at., 2011). In impact-
analyses, methodical imperfections of the impacti@i®result in further uncertainties. This studgkled on a comparably
small region, thus the ability of the RCMs to rejwoe spatial weather patterns is one additionaicgoof uncertainty. The
water balance model itself or previous versionsehaeen validated with field observations on différéneyard plots of the
395 current study area as well as other regions ardiffierent climates (Lebon et al., 2003; Pellegratoal., 2006). Yet, on a
regional scale, it requires high quality soil dathich have a strong influence on the result ofdhleulations as a possible
source of error. The soil data go back mainly tib s@ppings conducted from 1947-1958 (B6hm et200Q7), where at
distances of 20 m x 20 m, respectively 25 m x 25ai,samples down to 2 m depth were taken and/sesiperformed. Since
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then, based on land consolidation projects, antitheal interventions in parts of the complete lacape, some attributes
might have changed in local spots, but in geneted, soil maps are still describing the currentaitn quite well as
demonstrated in a follow—up study (Zimmer, 1999).

To capture the magnitude of uncertainties relabegossible future climate evolution for the seldatenission scenario, we
used climate projections for the period 2058-208Wkted by ten climate models of the ENSEMBLESj@ct These data
were used to derive the climate change scenari@hwiias further scaled by smoothly increasing ckaimgglobal mean
temperature (as projected by the MAGICC model ffierselected RCP8.5 emission scenario) and useddifynthe weather
generator parameters, in order to produce transieatseries for several weather stations. Thelsitioms of the precipitation
data showed a high bandwidth at the end of theucgnthis bandwidth is comparable with the resaftthe REKLIES-DE
project (20 % for annual precipitation, region @any and drainage basins of large rivers, 2070-208¢ared to 1971-
2000), calculated with 37 climate simulations imthg the EURO-CORDEX data (Hubener et al., 2017oBiet al., 2019).
Additionally, similar seasonal shifts (increasewdfiter and decrease of summer precipitations) weperted in this study.
This bandwidth could be reduced if the extreme riodethe upper or lower edge would be excluded simee no direct
model flaws were detected, this would exclude godsduture climate realisations. Furthermore, ctenmodels cannot be
considered as fully independent from each otheei@tkamp et al., 2012; Flato et al., 2013), whidbs out the conclusion
that if the majority of results from model runs pinto one direction, that this would automatigatiean a higher probability
for this climate realisation. However, divergingatzases bear uncertainties in risk assessmenteaigiah support processes.
Noteworthy, the projected bandwidth for precipitatfor the mitigation scenario RCP2.6 are less tiafof those for RCP8.5
(Hibener et al., 2017).

Impact modellers are currently confronted withrgéanumber of climate models and bias correctiahdmwnscaling methods
(Maraun et al., 2015) and choosing of appropriagehods depends on the relevant question and isrtlyralso among
viticulture scientists under debate (Quénol et2017). We decided to use station (point) dataabse of the existence of
quality—controlled observed data in good spatisbhation and the overall knowledge of the correlatbetween weather data
inside of vineyards and the grapevines responsiferent weather patterns. Additionally, the impawdel was validated
with measured weather and field data. In ordeotergscale from the spatial means of grid box data@RCMs to the spatial
scale of station data, we used a weather genei@toroduce point data on the same scale as theharestations and to
simulate small-scale weather patterns. One watigditsimulation driven by the climate models preichat drought stress
would be less problematic in the future. This woudd be expected from observations in the recestt pdiere drought stress
occurrence has increased. The decrease in theticlweter balance is related to an increadgTis) because for the Rheingau
region (station Geisenheim) no seasonal trendenipitation rates is noticeable for the past. Theeoved increase &To is

a combined effect of an increase in global radmtiod temperature. Changes in wind velocity, agmesl in other regions
on the globe, can be excluded (Schultz, 2017).ddta extracted from the weather station clearlystie effect of global
dimming (after World War Il to the 1980ies) andditiening (since then) periods (Wild, 2009; Hofmama Schultz, 2010)
related to a period of strong pollution (dimmingidecleaning of the atmosphere (brightening) anetndesl in many places
on Earth. This is reflected in an increase in nmear irradiance from 117 W-frfor the period from 1951-1989 to 130 W m
2 for the period from 1990-2018 (station Geisenhefnythermore, the most intensive droughts forttfee growing regions
in the years 2003 and 2018 were related to heaésvaith highET, values. Heat wave frequencies on a global scale ha
increased in the past (Schér et al., 2004) angradicted to increase further in the near featurespective of the emission
scenario (Coumou and Robinson, 2013). A study ainKober et al. (2019) found that the weather exé=f the early
summer 2018, where heat and rainfall extremes reearded in the mid—latitudes of the northern heimese, were connected
with a persistent wave pattern in the Jetstreaniwivas also observed during the European heatsvafv2003, 2006 and
2015. In addition, the number of such wave pattéras increased significantly during the last tweadkes. Since we

downscaled the grid box means of climate modetgation (point) data in order to reduce the biasvith the shortcoming
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of reduced interannual variability, it is likelyahfrequencies of such extreme years are undew@stihiFig. 2). As expected,
the reduced interannual variability compared ttictadata was also found in grid box data of RCNi¢he region, because
these data represent spatial means. Fraga eDaB)2eported an increase of interannual varighilftthe temperature based

445 Huglin—-Index and the precipitation/evapotranspinatbased dryness—index for many parts of Europeding the study
region, by comparing the period from 2041-2070 wi®$61-2000, calculated with 16 climate simulatidrem the
ENSEMBLES project. On the other side, the frequesicguch extreme years is the main cause for g¥eethink about
cost intensive adaptation measures like irrigafi®antos et al., 2020). The impact analysis for qu@e¢ crops, not only
grapevines, could profit enormously from climateiations with the feature of well-reproduced iaterual variability.

450 Despite of the reduced interannual variability, thienate projections showed seasonal shifts. Thgaohof seasonality of
precipitation on grape quality is not fully undexsd (Sadras et al., 2012b). Dry conditions durimg ripening period and
harvest are in general positive for fruit qualitgdahealth, but severe drought stress can lead ¢esaation of sugar
accumulation, as observed in specific plots ofthely area during the 2018 and 2019 vintages. 8abshifts of precipitation
could reduce the impact of dry spells on plots sitfficient capacity to store available water, bix@nced refilling in winter.

455 Tromel and Schénwiese (2007) reported that thedgrdar the probability for observed monthly extreprecipitation in
Germany varied substantial on a spatial scale dsal projected near future changes of extreme pitatign showed
heterogeneous spatial change patterns in summking&en et al., 2013). The performance of many deoaiirsy and bias
correction methods to represent temporal aspedtseaflimate has become only recently a topic séaech (Maraun et al.,
2019).

460 4.2. Impact Model shortcomings with respect to pragcted atmospheric CQ concentrations

The water balance model currently does not acctamthe impact of increasing G®n stomatal conductancgsy and
transpiration. Xu et al. (2016) reported that tleersmtal response to elevated Q@pended greatly on environmental variables
and species and referred to studies where douliéeatCQ decreaseds by 40-50 %. A general survey of the response of
stomatal aperture to an increase to 560 pmottimoCO—concentration (from 380 umol mblAinsworth and Rogers, 2007)
465 across a variety of plant species showed an appaigireduction of about 20 %. Experiments of fggown grapevines under
elevated C@showed no uniform results and ranged from an eksedecrease of stomatal conductance (Everard €04l7)
to no significant changes (Bindi et al., 2001; Mohb—Pereira et al., 2009) to even an increase (fafut et al., 2018). A
simple, but physically based approach to assessrpact of reduceds on ETo is provided by the equations of Allen et al.
(1998). In the Penman—Monteith equation, the butkase resistance for water transport is the végidbpending on stomatal
470 conductance/resistance (Lovelli et al., 2010). Agapko the weather data of the year 2017 of Gemsiemha reduction of
stomatal conductance of 20 % would lead to a rédluaif 3 % of the annual sum &To (from 723 to 702 mm yeady.
Therefore, in the assessment of drought, the pes®hduction of transpiration caused by elevated iSQkely not the key
point but there is currently a lack of knowledgepabthe impact of elevated G@n the physiology of grapevines in
combination with drought stress under field comdit. Additionally, depending on the grapevine ealtj the responses to
475 water deficit can be quite diverse (Schultz, 199%8)3; Costa et al., 2012; Bota et al., 2016).

4.3 Possible impacts on grape quality and cultivatih caused by moderate drought stress scenarios

Most of the models showed a small increase of thelrer of drought stress days in the range of 5238 br vineyards of
the lower Rheingau and small parts of the uppeiiriRfag, in general on plots where drought stressimed already in the
recent past. From these simulations, some subefregiith an increased future risk for drought sti@suld be identified. For
480 already irrigated plots, the scenario outcomes ntieaingrowers would have to irrigate between onthtee times more per
season on average. The used threshold value,gsifgla day as a drought stress day & -0.6 MPA) represents relative

severe drought stress with a strong decrease infifgon rate (Schultz and Lebon, 2005) and cessaif vegetative growth
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(Van Leeuwen et al., 2017). The viticultural impa€drought stress depends also on the phenologtiage when it occurs
and the duration of such events. Before flowerlmeg{nning of June —mid June), even moderate drostgiss (-0.6 MPA <

485 ypa < -0.2 MPa) is possibly negative, because it etuce cluster size and berry numbers (Keller, 200f&tthews et al.
(1987) reported that early drought stress (befarie $oftening, i.e. about beginning of August tmugust in the Rheingau
area) had a stronger impact on yield than lategirostress. Early drought stress also has a stramgact on the final berry
size (Ojeda et al., 2001). In the context of théomiigr of models predicting a decrease in climatiater balance in JJA (Fig.
9b) this would indicate a likely future yield effetmpacts on quality components aside of primamypounds like sugar and

490 acids are much more difficult to predict, vary beén white and red varieties (Sadras et al., 20%akoi et al., 2016) and
depend on complex interactions with many envirortialefiactors difficult to completely assess for Immate change studies
(Van Leeuwen et al., 2017; Santos et al., 2020).

4.4 Adaptation measures with respect to the locahgironment

The simulations showed a widespread array of plessitanges making it difficult to generalize adéiptastrategies. Both
495 viticultural regions are located in areas whereatétleaching to the groundwater is a severe enwiemtal issue (Léhnertz et
al., 2004). This threat would certainly be enhanicetthe future because of higher mineralizatioesataused by increasing
temperature (both air and soil) and rainfall in ®@m(Table 3). The use of cover crops or naturgktation to cover the soll
on the complete vineyard surface area during timewimonths is the most important measure to coactt¢his development
(Berthold et al., 2016). Similarly, these measwaed possibly reduced tillage are also importanthiersummer months to
500 protect against leaching and erosion. Against laiskground, the choice of rootstock and/or theilfiéi®y of irrigation
systems might be the best choice, if it is feasibtethe latter to bring water to the vineyards.eDua increased temperature
combined with relatively unchanged but still highigriable precipitation patterns (Fig. 8c), thewcence of warm and wet
conditions during the ripening period (SeptembertoDer) has increased the risk for rot (Schultz Biodmann, 2015).
Vineyards with low available water capacity aregeneral more susceptible to variable precipitatimgause the soil water

505 potential changes much faster per unit of storédasder imposing large fluctuations on plant wagtatus.

5 Conclusions

Based on an ensemble of climate model simulat@rngter balance model, a digital soil map, an ¢lenanodel and a land
register, our study provides a risk assessment rgipect to the future occurrence of drought stragglied to individual
vineyard plots of two winegrowing regions. The bafith of the results ranged from a small decrease gimulation) to a
510 moderate increase of drought stress (median ofértsemble), predominantly on plots already templgraffected by water
deficit, up to a drought stress occurrence touclZ®g30 % of the growing regions. As drought stiesalready currently
observed in steep slope vineyards with shallowsstilese sub—regions were identified as future aislas by most of the
simulations. The results illustrate the large h@geneity of the water supply within growing regi@msl between neighbouring
vineyards and the need to improve high resoluti@defling approaches. Mid— and long—term adaptati@asures need to
515 respect local conditions and will necessitate imtlial, precision—farming—like application of culion practices. In
combination with weather station networks delivgrieal time data, the presented framework may sdsee as a decision

support tool to growers and consultants in theréutu
Data availability. Observed weather data of the DWD can be found tps:opendata.dwd.de/ and weather data of the

520 Hochschule Geisenheim University at http://rebszinstgeisenheim.de/wetterstationen/tagesausweptymgOutputs from

the weather generator simulations are availablequest to the corresponding author.
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